Abstract
breast-feeding 3, 4, 5 . Current evidence suggests that most maternal-infant HIV transmission occurs late in pregnancy or during labor and delivery 5, 6, 7, 8, 9, 10, 11 . Despite treatment, pediatric HIV infection remains a fatal disease whose prevention is of paramount importance. Animal models of retroviral infection demonstrate that zidovudine may prevent or alter the course of maternally transmitted HIV infection 12, 13, 14, 15, 16 . Phase 1 studies in pregnant women suggested that this medication is safe when used for short periods and that it crosses the placenta well 17, 18, 19, 20, 21 .
To assess the safety and efficacy of zidovudine for the prevention of maternal-infant HIV transmission, the Pediatric AIDS Clinical Trials Group conducted a multicenter clinical trial (Protocol 076) in the United States and France. At the first interim analysis of efficacy, the Data and Safety Monitoring Board recommended that the enrollment of additional patients be discontinued and that all patients receiving a study drug in blinded fashion be offered zidovudine treatment. This recommendation was based on the demonstration of efficacy of zidovudine in reducing the risk of maternal-infant transmission of HIV. We report the results of this trial through December 20, 1993 , the date of the data cutoff in the first interim efficacy analysis.
Methods

Trial Design
Our double-blind, placebo-controlled, randomized study enrolled pregnant, HIV-infected women between 14 and 34 weeks' gestation whose CD4+ T-lymphocyte counts were above 200 cells per cubic millimeter and who had no indication for antiretroviral therapy in the judgment of their health care providers. All the women had to meet the following laboratory criteria: hemoglobin concentration, 8 g per deciliter; absolute neutrophil count, 1000 cells per cubic millimeter; platelet count, 100,000 cells per cubic millimeter; serum alanine aminotransferase concentration, 2.5 times the upper limit of normal; and serum creatinine concentration, 1.5 mg per deciliter (130 µmol per liter), or eight-hour urinary creatinine clearance, >70 ml per minute. Women with any of the following ultrasonographic findings were excluded: life-threatening fetal anomaly or anomaly that might increase the fetal concentration of zidovudine or its metabolites; oligohydramnios in the second trimester or unexplained polyhydramnios in the third trimester; and fetal hydrops, ascites, or other evidence of fetal anemia. Women who had received any antiretroviral treatment during this pregnancy and those who had received immunotherapy, anti-HIV vaccines, cytolytic chemotherapeutic agents, or radiation therapy were excluded.
The protocol was approved by the institutional review board at each center in the United States and by the Committee for the Protection of Persons in Biomedical Research in France. Each woman (and the father of the child, when available) gave written informed consent for her participation and that of her child.
The women were stratified according to gestational age (from 14 to 26 weeks or greater than 26 weeks) and were randomly assigned to receive either zidovudine or placebo. The zidovudine regimen consisted of antepartum zidovudine (100 mg orally five times daily) plus intrapartum zidovudine (2 mg per kilogram of body weight given intravenously for 1 hour, followed by 1 mg per kilogram per hour until delivery) plus zidovudine for the newborn (2 mg per kilogram orally every 6 hours for six weeks, beginning 8 to 12 hours after birth).
The women were monitored every 4 weeks until 32 weeks' gestation and then weekly until delivery. Sonograms were obtained before entry into the study and every 4 weeks after the 28th week of gestation. A nonstress test was performed at 34 weeks and repeated weekly thereafter until delivery. Treatment was discontinued if severe preeclampsia, disseminated intravascular coagulation, recurrent thrombocytopenia, life-threatening or recurrent severe toxic effects, or progressive HIV disease requiring treatment with openlabel zidovudine developed in the mother, or if fetal death occurred. The women were seen six weeks and six months after delivery.
The infants were evaluated at birth and at 1, 2 or 3, 6, 12, 24, 36, 48, 60, 72 , and 78 weeks of age. The study drug was not instituted if an immediately life-threatening condition or any of the following conditions developed: hyperbilirubinemia that required treatment other than phototherapy, an absolute neutrophil count below 750 cells per cubic millimeter, a hemoglobin concentration below 8.0 g per deciliter, a platelet count below 50,000 cells per cubic millimeter, and an alanine aminotransferase concentration more than five times the upper limit of age-adjusted normal values. Newborn therapy was discontinued if any of the above conditions or any type of severe toxic effect developed in the infant, or if the infant received an experimental anti-HIV vaccine or drug.
Peripheral-blood mononuclear cells obtained from infants were cultured for HIV at birth and at 12 and 78 weeks of life. HIV serologic testing (an enzyme immunoassay and a Western blot assay) was performed at 72 and 78 weeks. In September 1992 the protocol was amended to incorporate an additional HIV culture at 24 weeks of age. Infants with at least one positive HIV culture of peripheral-blood mononuclear cells were classified as HIV-infected.
Laboratory Methods
HIV cultures of peripheral-blood mononuclear cells and lymphocyte phenotyping were performed in certified laboratories according to published standard methods 22, 23 . The French sites used an equivalent program to ensure quality 24 . Enzyme immunoassays and Western blot assays for HIV antibody were performed in certified laboratories by commercially available methods.
Statistical Analysis
The comparison of efficacy between treatment groups was based on the percentage of infants who were infected at 18 months, as estimated by the Kaplan-Meier method 25 . The P value was determined with a Z statistic calculated from the difference between the Kaplan-Meier estimates at 18 months and their standard errors in the two groups. This approach increased the statistical power of the comparison of treatments by including information from all available HIV cultures without requiring an 18-month follow-up of all infants. The time to the first positive HIV culture was considered as the time to a verified end point for an infant determined to be HIV-infected. Data on all the other infants were censored in the analysis, with their follow-up times set to the latest negative cultures or negative serologic tests. Prognostic factors for the risk of transmission were evaluated and treatment effects adjusted with logistic-regression analyses 26 . The results of intention-to-treat analyses of all available data from eligible subjects are reported. All P values are two-sided.
The target sample was 636 assessable mother-infant pairs. Prospectively, three interim analyses were planned, with the O'Brien-Fleming boundary 27, 28 .
Results
Enrollment
From April 1991 through December 1993, 477 pregnant women were enrolled at 59 centers. Of the eligible women, 409 gave birth during this period to a total of 415 liveborn infants, including 403 singletons and 6 sets of twins (Table 1) . Two women had a history of HIV seropositivity but were later found not to be infected. These two women and an infant born to one of them were excluded from the analysis. Twelve women (one of whom had a creatinine concentration outside the specified range) withdrew from the study before delivery; data on these women were included up to the time of withdrawal. 20, 1993 .
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Characteristics of the Mothers and Infants and Treatment with Study Drugs
There were no significant differences between study groups in the characteristics of the pregnant women and the live-born infants ( Table 2 ). The median gestational age at entry was 26 weeks. Fifty-nine percent of the mothers had CD4+ T-lymphocyte counts greater than 500 cells per cubic millimeter. Only 19 women had received any antiretroviral treatment before the current pregnancy. The median gestational age of the live-born infants was 39 weeks (range, 27 to 43), and the median birth weight was 3160 g (range, 1040 to 5267). Specific intrapartum factors that might be associated with an altered risk of maternal-infant transmission were balanced between the study groups. Only one mother (in the placebo group) reported that she breast-fed her infant; the infant was not infected. The women received the study drug for a median of 11 weeks (range, 0 to 26) before giving birth. The study groups were balanced with respect to the proportion of women whose dose of the study drug was modified during treatment (26.4 percent in the zidovudine group and 32.0 percent in the placebo group) and with respect to the proportion who received intrapartum infusions of study drug (85.4 percent in the zidovudine group and 84.2 percent in the placebo group). Only 24 women (5 percent) did not complete their treatment as planned, 9 in the zidovudine group and 15 in the placebo group. Open-label zidovudine was prescribed for one woman in each group before delivery.
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Twelve live-born infants never started treatment (five in the zidovudine group and seven in the placebo group). The reasons included neonatal death (two infants), the mother's refusal to participate (five), withdrawal from the study (three), and delivery at a nonstudy hospital (two). Four other infants had their treatment assignments disclosed because they were potential candidates for an initial pharmacokinetics study, and they did not receive placebo. Among the remaining infants, treatment was started within 12 hours for 84 percent and within 24 hours for 96 percent. Forty-six infants (22 in the zidovudine group and 24 in the placebo group) stopped treatment before completing six weeks of therapy; 7 had reached a study end point (1 in the zidovudine group and 6 in the placebo group), and 22 stopped because of toxic effects (11 in each group).
Analyses of Efficacy
The primary analysis of efficacy was based on all 409 eligible deliveries of live infants, and a failure of therapy was recorded if any infant from a given delivery (a singleton or either twin) was found to be infected. Forty-six infants were excluded from the analysis because no data on HIV culture were available in the data base at the time of this interim analysis ( Table 1 ). The estimated proportions of infants infected were based on the Kaplan-Meier evaluation of 363 births for which at least one HIV culture was performed: 180 infants randomly assigned to zidovudine and 183 randomly assigned to placebo (Figure 1 ).
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[in this window] [in a new window] Thirteen children in the zidovudine group had at least one positive HIV culture and were classified as infected, as compared with 40 children in the placebo group. None of the twins were infected. On the basis of the Kaplan-Meier analysis at 18 months, the estimated proportion of infants infected was 8.3 percent in the zidovudine group (95 percent confidence interval, 3.9 to 12.8 percent) and 25.5 percent in the placebo group (95 percent confidence interval, 18.4 to 32.5 percent). The standard errors for these estimates, based on Greenwood's formula, were 2.25 and 3.60 percent, respectively 29 . The estimated absolute difference between the two study groups in the percentage who were infected was 17.2 percent (95 percent confidence interval, 8.9 to 25.5 percent), corresponding to a 67.5 percent relative reduction in the risk of transmission (95 percent confidence interval, 40.7 to 82.1 percent). The difference in 18-month Kaplan-Meier percentages was significant (Z = 4.03, two-sided P = 0.00006). This result crossed the interim stopping boundary for the monitoring of efficacy (Z = 3.47, two-sided P = 0.0005).
Two alternative analyses were performed in order to estimate the percentage of infected infants with a simple ratio (Table 3 ). These analyses were based on a more stringent definition of HIV-infected infants. The estimated probabilities of transmission were consistent with those obtained with the Kaplan-Meier method. HIV infection was detected by culture within the first six months of life in nearly all the infants. Only 2 of the 53 infants classified as infected (both in the placebo group) had their first positive culture reported after the first 24 weeks. Treatment with zidovudine was not associated with a delay in the detection of HIV by viral culture; the estimated intervals before the first positive culture were virtually identical in the two groups. None of the 105 infants in the zidovudine group who had repeatedly negative cultures before the 24th week of life had evidence of HIV infection after 24 weeks.
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For 91 infants, results of serologic testing at 72 to 78 weeks were available (47 infants in the zidovudine group and 44 in the placebo group). Among these, all the infants who were counted as uninfected in the Kaplan-Meier analysis had negative serologic results (43 in the zidovudine group and 37 in the placebo group). Two infants classified as infected had negative enzyme immunoassays and Western blot assays; one infant in the placebo group had a single positive culture at birth, and one infant in the zidovudine group had positive cultures at 1 and 21 weeks, but negative serologic results at 78 weeks.
Evaluation of Efficacy in Subgroups
We assessed the influence on the risk of maternal-infant HIV transmission of various factors, including treatment, race and ethnic background, maternal base-line CD4+ Tlymphocyte count, maternal age at entry into the study, gestational age at entry, maternal history of injection-drug use, previous adverse outcomes of pregnancy, history of sexually transmitted diseases, duration of labor, duration of ruptured membranes, intravenous administration of a study drug during labor and delivery, mode of delivery, parity, duration of antepartum therapy, maternal compliance with treatment, ultrasonographic abnormalities, gestational age at delivery, birth weight, and sex of the newborn. The efficacy of zidovudine was observed in all the subgroups. It was impossible to identify prognostic factors for HIV transmission (other than treatment) in this interim analysis because of the small number of infected infants in the zidovudine group.
Evaluation of Maternal Safety
Adverse Effects
Six women (three in each group) discontinued their treatment because of toxic effects. Thirty-five women (18 in the zidovudine group and 17 in the placebo group) had anemia of more than moderate severity, neutropenia, or thrombocytopenia, and 15 women (8 in the zidovudine group and 7 in the placebo group) had abnormalities of serum electrolytes and liver function of more than moderate severity. Toxic effects were defined according to standard toxicity tables modified for pregnancy and defined in the protocol. The majority of the adverse effects were judged to be related to labor and delivery. None of the mothers died during the study.
Effects on Maternal Health
Changes in CD4+ T-lymphocyte counts from base line could be assessed in 291 women at six weeks post partum and in 168 women at six months post partum. A significant increase in these cell counts was observed in both study groups, but the increase was greater in the zidovudine group. The median increase from base line to six weeks post partum was 141 cells per cubic millimeter in the zidovudine group, as compared with 101 cells per cubic millimeter in the placebo group (P = 0.02 by the Wilcoxon test). By six months post partum, the median increase from base line was 53 cells per cubic millimeter in the zidovudine group, as compared with 14 cells per cubic millimeter in the placebo group (P = 0.12 by the Wilcoxon test). At six months post partum, the CD4+ Tlymphocyte count was greater than 300 cells per cubic millimeter for 95 percent of the women in both groups; counts for four women (one in the zidovudine group and three in the placebo group) fell below 200 cells per cubic millimeter during the study. Among 189 women for whom data were available from their six-month visit, 40 (19 in the zidovudine group and 21 in the placebo group) were being treated with open-label zidovudine.
Evaluation of Infants' Safety
Deaths There were eight fetal or neonatal deaths (five in the zidovudine group and three in the placebo group). None of these deaths were considered attributable to the study drug. The causes of death in the zidovudine group were congenital diaphragmatic hernia (one death), Dandy-Walker syndrome (one), premature labor and chorioamnionitis at 24 weeks' gestation (one), inevitable abortion at 18 weeks' gestation in a mother with a history of incompetent cervix (one), and premature labor and abruptio placentae at 28 weeks' gestation (one). The causes of death in the placebo group were cytomegalovirus infection in utero (one death), abruptio placentae associated with cocaine use (one), and hypoplastic right ventricle (one). There were seven deaths in infants who were beyond the neonatal period; six of these (two in the zidovudine group and four in the placebo group) were due to HIV infection, and one (in the zidovudine group) was due to trauma.
Prenatal and Neonatal Evaluation
Serial ultrasonographic examinations and nonstress tests revealed no differences between the study groups. Zidovudine treatment was not associated with premature birth. Examination of the newborns showed normal anthropometric measurements. Length, weight, and head circumference were similar in uninfected infants in the two groups through 18 months of age.
Structural Abnormalities
The incidence of minor and major abnormalities was similar in the two groups. Congenital cardiac anomalies were confirmed in 10 infants (5 in each group). Congenital abnormalities of the central nervous system were reported in five infants (three in the zidovudine group and two in the placebo group). Eighteen other major anomalies were reported, nine in each group. No specific minor or major abnormalities were clustered in either group.
Adverse Experiences
The hemoglobin concentration at birth of infants in the zidovudine group was significantly lower than that of infants in the placebo group (Figure 2) . Whereas only 4 infants in either group had a hemoglobin concentration of less than 7.0 g per deciliter, 44 infants in the zidovudine group and 24 infants in the placebo group had hemoglobin concentrations below 9.0 g per deciliter. The maximal difference in the mean hemoglobin concentration between the two groups occurred at three weeks of age and was 1 g per deciliter. The lowest mean value for hemoglobin, 10.0 g per deciliter, occurred at six weeks of age in the zidovudine group. By 12 weeks of age, hemoglobin values for both groups were similar. No significant differences in other safety measures were observed between the study groups.
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Discussion
We found that administering zidovudine to the mother during pregnancy and during labor and delivery and giving it to the infant for the first six weeks of life reduced the risk of maternal-infant transmission of HIV by approximately two thirds. We chose to study a regimen that combined antepartum, intrapartum, and neonatal therapy, because the timing of maternal-infant HIV transmission is uncertain. The standard recommended dose and schedule of zidovudine for adults were chosen for maternal antepartum treatment. This dose has been associated with a reduction in circulating levels of HIV and has minimal toxicity 30, 31 . Intravenous infusion of zidovudine during labor maintained drug levels and averted the need for oral medication. The intrapartum dosing scheme was derived by pharmacokinetic modeling of data previously obtained in pregnancy 20 . Zidovudine was administered to infants for six weeks at a dose established in studies of zidovudine in newborns, 32 since infected maternal cells may persist in the infant's circulation after birth.
Women were enrolled after the first trimester of pregnancy to avoid fetal exposure to zidovudine during organogenesis, because of the lack of prospective safety data on the use of this medication in humans during the first trimester. In the murine model, zidovudine has been associated with the resorption of preimplantation embryos 33 . In other studies of animal reproduction, low and moderate doses of zidovudine were not associated with teratogenic malformations, 34 but pregnant rats given nearly lethal doses of zidovudine (3000 mg per kilogram) had an increased risk of malformations among their offspring 35 .
A single positive culture was used to define an infant as HIV-infected. In current clinical practice, however, a single positive culture is often confirmed by a second culture or by the polymerase chain reaction. For the study group, adopting more stringent definitions of infection (two positive cultures) and noninfection (at least two negative cultures, one at 24 weeks of age, and no positive cultures) yielded results similar to those obtained in the primary Kaplan-Meier analysis.
The possibility that zidovudine would delay the detection of HIV infection by culture was a theoretical concern. People with established HIV infection who are treated with zidovudine typically remain culture-positive, but the effect of zidovudine on cultures from people with early (primary) HIV infection is unknown 30, 36 . To date, we have no evidence that zidovudine treatment delayed the detection of HIV by culture in this group of infants.
Minimal short-term toxic effects were observed. Few women in either study group discontinued therapy because of toxic effects. At six months post partum, there were no differences between the two groups of women with respect to mean CD4+ T-lymphocyte counts or progression to AIDS. Among infants, the only short-term toxic effect directly attributable to zidovudine was anemia, which was mild and reversible.
The mechanism by which zidovudine reduced the risk of maternal-infant HIV transmission is not established. Maternal zidovudine treatment may have reduced the viral load and diminished the viral exposure of the fetus in utero, of the infant at delivery, or both. Stored samples are being studied to determine whether changes in the maternal viral burden or the virologic characteristics of the infecting strains of HIV can predict the success of the treatment regimen. In addition, there is substantial transplacental passage of zidovudine 18, 19, 20, 37 . Therapeutic concentrations of the drug in the fetus and the newborn may have prevented HIV infection.
Some infants became infected despite treatment with zidovudine. These infections may have occurred as a result of (1) HIV transmission before treatment, (2) inefficient suppression of maternal viral replication by zidovudine, (3) noncompliance with the treatment regimen, or (4) unique characteristics of the infecting maternal strain of HIV, such as decreased susceptibility to zidovudine. Susceptibility testing of isolates from these mother-infant pairs has not yet been performed. High-level resistance to zidovudine is unlikely, however, considering the relatively short duration of the maternal treatment, 38 the lack of previous maternal exposure to zidovudine in most cases, and the relatively high median CD4+ T-lymphocyte count of the mothers at entry.
In general, the women in this study had mildly symptomatic HIV disease and, with 19 exceptions, no prior treatment with antiretroviral drugs. Women with more advanced disease and those who have had prolonged treatment with zidovudine may have a higher viral burden and may also be infected with zidovudine-resistant strains of HIV. Thus, it is not clear whether the results of this trial can be extrapolated to these groups. In addition, the risks and benefits of initiating zidovudine therapy during the first trimester of pregnancy, after 34 weeks' gestation, or in labor or of treating only the newborn were not assessed. Follow-up of the mothers and infants enrolled in the study will continue to assess the effect of zidovudine in subgroups of women, to try to identify factors (other than treatment) that influence maternal-infant HIV transmission, and to assess long-term safety.
Our study indicates that substantial reduction in the rate of maternal-infant transmission of HIV is possible with minimal short-term toxicity to mother or child. Now it is important to understand the mechanism of protection, to determine whether the treatment regimen can be simplified, and to assess the use of the regimen in women and infants with characteristics other than those of the people we studied.
Note added in proof: Since submitting this paper, we have updated the data on HIV cultures to September 6, 1994 . Data were available on at least one HIV culture for each of 400 births in the data base: 200 in the zidovudine group and 200 in the placebo group. Sixteen children in the zidovudine group had at least one positive culture, as compared with 52 children in the placebo group. The Kaplan-Meier estimates of the proportions of children infected at 18 months were 7.9 percent (95 percent confidence interval, 4.1 to 11.7 percent) for the zidovudine group and 27.7 percent (95 percent confidence interval, 21.2 to 34.1 percent) for the placebo group. The difference remained statistically significant (Z = 5.13, two-sided P<0.001). These updated results support the findings of the interim analysis.
